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. Evaluation of canine lameness has a low inter-observer agreement (Quinn et al., 2007; Waxman et al., 2008) . Since identification of the lame limb or limbs is a requisite for successful diagnosis and treatment, precise assessment of lameness is important.
Studies using force plates have shown that loading of the affected limb may decrease substantially in different orthopaedic conditions (Budsberg et al., 1996; Theyse et al., 2000; Evans et al., 2005) , while there is increased loading of the contralateral limb, confirming the existence of lameness adaptation mechanisms (Budsberg et al., 1988; Rumph et al., 1995; Fanchon and Grandjean, 2007; Voss et al., 2007; Ragetly et al., 2010) . During forelimb lameness, there are changes in braking and propulsion forces, weight shifting towards the contralateral side and increased loading in the ipsilateral hind limb (Abdelhadi et al., 2012 (Abdelhadi et al., , 2013 Bockstahler et al., 2012) . During hind limb lameness, there is a weight shift to the contralateral hind limb and to the ipsilateral forelimb (Katic et al., 2009; Fischer et al., 2013) , suggesting a compensatory mechanism triggered by the painful limb.
The use of pressure sensitive walkways has facilitated studies of vertical loading in consecutive strides of all limbs, confirming that these loading shifts not only exist during treadmill locomotion, but also over ground (Oosterlinck et al., 2011) . The adaptive changes in limb loading shown in these studies suggest that changes in motion patterns must occur in order to achieve these weight shifts. The symmetries of the vertical movements of the head and pelvis (i.e. 'head nod' and 'hip hike') are variables indicative of lameness used in subjective clinical gait assessment in dogs (Houlton, 2006) . Several studies have demonstrated alterations in kinematics of the limbs or individual joints during lameness (Korvick et al., 1994; Tashman et al., 2004; Bockstahler et al., 2009; Sanchez-Bustinduy et al., 2010; Druen et al., 2012) . Hicks and Millis (2014) showed that subtle hind limb lameness in clinically lame dogs is associated with vertical movement asymmetries of the pelvis. However, these movement patterns have not been described in detail or quantified in dogs in experimental studies.
The aim of the present study was to determine the patterns of vertical head and pelvic movements in dogs at trot after induced supporting limb lameness in the forelimbs and in the hind limbs. We hypothesised that changes in symmetry of vertical head and pelvis displacement would be sensitive indicators of induced forelimb and hind limb lameness.
Materials and methods

Study animals
Ten clinically sound dogs (owned pet dogs) were included in the study, comprising five
Labrador retrievers and one each of Flat coated retriever, Australian shepherd, Dalmatian, Lagotto
Romagnolo and Irish terrier; there were two neutered males, one intact male and seven intact females). Dogs were aged 5.1 ± 1.2 years (mean ± standard deviation, SD), with a mean ± SD body mass of 23.4 ± 6.0 kg and a mean ± SD height at the withers of 53.0 ± 5.5 cm. Visual gait assessment and orthopaedic examinations were performed. None of the dogs had a history of orthopaedic disease or orthopaedic surgery. Eight dogs had previous negative radiographic screening for hip and elbow dysplasia; the other dogs had not been screened. The sample size selection was based on kinematic or kinetic studies previously performed in dogs or horses (i.e. 7-10 animals). A power calculation was not possible in this study because of the large number of parameters analysed and because no previous studies of lameness induced in all four limbs had been performed previously. The study was approved by the Ethical Committee for Animal Experiments, Swedish University of Agricultural Sciences, Uppsala, Sweden (approval number C283/12; date of approval 1 February 2013) and the study was performed with informed consent of the owners.
Motion capture system
A motion capture system consisting of eight infrared high speed cameras (Oqus, Qualisys
Medical AB), recording at 240 Hz, was used to capture the movement of the dogs trotting on a treadmill (Rodby, Innovation AB) at their preferred speed; the same speed was used for all measurements of each dog. Prior to the experiment, the dogs were accustomed to treadmill locomotion (Gustås et al., 2013) . Five clusters of three reflective markers, each 7 mm in diameter, were attached to five inertial sensors (synchronised for a parallel study on lameness detection) and located using double sided tape on the top of the head, the dorsal aspect of the metacarpus of the right forelimb, both greater trochanters and the midline pelvis (median sacral crest) (Fig. 1 ). Data were collected before and after induction of transient lameness.
Induction and measurement of lameness
Moderate lameness, distinctly visible at the trot (grade 2 on a scale of 0-5), was induced in a random order in all four limbs; dogs were randomly assigned to one of 10 different orders of induction by drawing a number from a container. The desired degree of lameness was achieved by adjusting the size and position of a cotton wad secured with elastic wrap under the paw (Fig. 2 ).
Prior to measurements, dogs had a 'warm up' period on the treadmill of 10 min. Motion was recorded for 20 s for each lameness event. Trial results were only included when dogs trotted at an even pace whilst looking straight ahead. A sound trial was recorded for each dog before any lameness was induced and between each lameness induction to ensure that the dogs returned to soundness after removal of the cotton wad.
Data analysis
Data were processed and three-dimensionally reconstructed using motion analysis software (Qualisys Track Manager) and a custom made script in Matlab (The MathWorks) was used for further analyses. Raw data were filtered using a Savitzky-Golay FIR filter (order 10 and frame size 59), which was a numerically optimised setting to preserve the amplitude and temporal information from the raw data for the two minimum and maximum peaks within each stride. The vertical position signal for each cluster was split into strides and normalised to 100% by identifying the maximal protraction of the left metacarpal marker. The marker with the best quality data from each cluster was selected and two local maximum and minimum displacements were identified for each marker and for all strides per trial.
The following parameters were calculated: (1) differences between the two highest vertical displacements of the head (HDmax), between the two highest vertical displacements of the midpelvis (PDmax), between the two lowest vertical displacements of the head (HDmin) and between the two lowest vertical displacements of the mid-pelvis (PDmin), measured in mm; (2) differences between the two upward movements of the head (range up 1 -range up 2 = range up HD), differences between the two upward movements of the mid-pelvis (range up 1 -range up 2 = range up PD), differences between the two downward movements of the head (range down 1 -range down 2 = range down HD) and differences between the two downward movements of the midpelvis (range down 1 -range down 2 = range down PD), measured in mm; (3) 
Statistical analysis
Medians and ranges for all variables before and after induction of lameness were calculated.
Data were analysed using Friedman's test and Dunn's post-hoc test in GraphPad Prism.
Significance was set at P < 0.05.
Results
Kinematic data were analysed from nine trials per dog, with a mean ± SD of 39.9 ± 2.7 strides per trial and a mean ± SD speed of 1.9 ± 0.1 m/s (Table 1 ). There were no significant differences in stride duration between trials when dogs were sound versus when dogs had induced lameness.
Differences in maximum and minimum displacements
Starting with a baseline value for the differences in vertical displacement of 4.6 mm when dogs were sound, HDmin increased significantly after inducing forelimb lameness (-18.3 Induction of lameness in the left forelimb was associated with a compensatory effect in the contralateral hind limb, as indicated by a significant increase in PDmin (3.5 mm, P = 0.39).
Similarly, induction of left hind limb lameness was associated with a compensatory effect in the ipsilateral forelimb, as indicated by a significant increase in HDmin (-1.8 mm, P = 0.05). After induction of right forelimb and right hind limb lameness, no significant compensatory effects were seen. Differences between the highest displacements (HDmax and PDmax) were not significant.
Range up and down and symmetry indices
Starting especially, the differences in the lowest position (HDmin, PDmin) are sensitive lameness indicators during supporting limb lameness in dogs, as described in horses (Buchner et al., 1996; Uhlir et al., 1997; Kramer et al., 2004; Kelmer et al., 2005; Keegan et al., 2011 Keegan et al., , 2012 Rhodin et al., 2013; Maliye et al., 2015) . Thus, during forelimb lameness, the head is lowered more during the sound limb stance phase and lowered less during the lame limb stance phase, in agreement with the observation of a downward head 'nod' coinciding with the sound limb stance phase in this type of lameness (Houlton, 2006) . Similarly, in hind limb lameness, the mid-pelvis was lowered more during the sound stance phase, and was lowered and lifted less during the lame stance phase.
Descriptions of canine lameness usually do not include vertical motion of the median sacral crest (i.e. mid-pelvis), but do include 'hip hike', which is described as 'hiking up' (elevation) of the gluteal region on the lame side during weight bearing in hind limb lameness (Houlton, 2006) . In our study, the latter was evident by an asymmetrical vertical range of movement of the greater trochanters. However, instead of 'hiking up', the hip of the lame side had a larger range of displacement, by dropping further down during weight bearing of the sound limb and during the lame side swing phase; this shows that the hip of the lame side does not always rise above the level of the hip of the sound limb, as described in horses by Pfau et al. (2016) .
The lack of significant changes in the highest displacements of the head or pelvis after induction of lameness demonstrated that the symmetry indices of head and pelvis movements and the lowest displacements of the head and pelvis are more sensitive parameters than the highest displacements in identifying supporting limb lameness.
Similar to the compensatory changes described in horses (May and Wyn-Jones, 1987; Kelmer et al., 2005; Rhodin et al., 2013) , our study has shown that lameness in the forelimb was associated with a compensatory effect in the contralateral hind limb and that induction of hind limb lameness was associated with a compensatory effect in the ipsilateral forelimb. However, compensatory mechanisms were not observed after induction of lameness in the right forelimbs.
This might be due to variation on the degree of lameness induced and differences in the pain threshold that triggers compensatory mechanisms in individual dogs with primary lameness. The clinical relevance of these findings needs to be further investigated in dogs with different degrees and causes of lameness.
Changes in the motion of the head have been reported in hind limb lameness of dogs, but these may be difficult to detect and quantify (Renberg, 2005) . In our study, consistent compensatory head movements were detected during moderate hind limb lameness, however, their magnitude is very small compared to the changes due to the primary lameness making them irrelevant.
Kinetic compensatory mechanisms to reduce the load on the painful limb have been described in dogs (Waxman et al., 2008; Bockstahler et al., 2009; Katic et al., 2009; Abdelhadi et al., 2012 Abdelhadi et al., , 2013 Fischer et al., 2013) . These changes in vertical and horizontal forces cause dynamic postural adaptations of the body, resulting in the changes in the head and pelvic motion patterns described in this study. In a kinematic study in dogs with subtle lameness after transection of the cranial cruciate ligament and surgical repair, Hicks and Millis (2014) found asymmetries in the vertical displacement of the pelvis, but only found small and non-significant changes in the vertical displacement of the head. In our study, we detected asymmetry in pelvic and head motions in hind limb lameness. These discrepancies may be explained by differences in the degree of lameness (mild versus moderate) and differences in experimental design (clinical cases versus experimentally induced lameness; over ground locomotion versus constant speed on a treadmill). Further experimental and clinical studies are warranted to better understand the kinetics and kinematics of different degrees and sources of lameness.
Although none of the dogs in this study were deemed to be lame before the study on the basis of visual gait assessment, kinematic analysis revealed small asymmetries in the head and pelvic movements. This mild asymmetry in non-lame dogs is in agreement with previous studies (Budsberg et al., 1993; Besancon et al., 2003; Fanchon and Grandjean, 2007; Colborne, 2008; Oosterlinck et al., 2011) .
The treadmill speed was adjusted to the preferred speed of each dog. The dogs participating in the study were breeds of medium size, achieving a mean ± SD speed of 1.9 ± 0.1 m/s, which is similar to another study reporting a mean ± SD speed of 1.97 ± 0.04 m/s in 31 breeds (Voss et al., 2010) . It is uncertain if different findings would be obtained during over ground locomotion, as is usual for visual evaluation of gait. Previous studies have shown similar hind limb kinematics (Torres et al., 2013) and similar peak vertical forces (Brebner et al., 2006) in over ground versus treadmill based gait in dogs. In contrast, with over ground locomotion, speed is constant on a treadmill, unless there are intra-stride belt speed variations (Savelberg et al., 1998) . It would be useful to perform further research on canine lameness during over ground locomotion, combining kinematic techniques with force plate or pressure sensitive walkways.
Conclusions
Asymmetries of the vertical amplitude of the head and pelvis, particularly the lowest vertical positions, are potentially useful variables for objective evaluation of lameness in dogs.
Compensatory lameness mechanisms observed in pelvic motion pattern during forelimb lameness and in head motion during hind limb lameness appear to be similar to those described in horses.
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